I. INTRODUCTION
The physical properties of transition metal silicides are of significant importance due to their application in electronic devices, particularly in large-scale integrated circuits. The strong covalent bonding in these silicides yields high stability and chemical resistance to oxidation and acidic media, making them more suitable for a wide range of applications in high temperatures. Silicides occupy the intermediate position between the interstitial and intermetallic compounds. In general, Si-rich silicides show a strong covalent bonding nature, whereas the Si-poor silicides exhibit a metallic-type character. The structural and physical properties of this class of alloys mainly depend on the electronic structure of the transition metals and their bonding with Si atoms. 1 Among these silicides, semimetallic CoSi has been reported to be one of the promising candidates for advanced thermoelectric applications. [2] [3] [4] Band structure calculations have shown that the density of states ͑DOS͒ of CoSi in an equilibrium structure has a pseudogap at the Fermi level. It has been suggested that materials with narrow gap or pseudogap could be potentially good thermoelectric materials. The thermoelectric efficiency of a material is usually evaluated by the figure of merit ͑ZT͒, which is given as ZT = ͑S 2 / ͒T. Therefore, a good thermoelectric material requires a higher value of the Seebeck coefficient and lower values of electrical resistivity and thermal conductivity. Previous reports on the thermoelectric properties of CoSi have indicated a rather low ZT value ͑less than 0.01 at room temperature͒, mainly due to the large magnitude of thermal conductivity arising from the lattice phonons. 5, 6 In order to improve the thermoelectric efficiency of CoSi, tuning its physical properties has been carried out by substitution on Co or Si sites. For example, Fe and Ni substitution for Co are known as good dopants for p-and n-type in CoSi alloys, respectively. 2, 3 In our previous study, we have found that replacing Si with Al has effectively added holes to CoSi, and substantially improved the thermoelectric efficiency. 6 However, the resulting ZT value was still an order of magnitude smaller than that of the best-known thermoelectric materials. In the present work, we have further investigated the changes in the electronic structure as well as in thermoelectric properties of CoSi 1−x Ge x alloys with x = 0 -0.15. A marked decrease in the electrical resistivity and lattice thermal conductivity was found as Si was partially replaced by Ge, leading to a significant increase in ZT values. We incorporate these variations in the thermoelectric properties of CoSi with the narrowing of pseudogap induced by Ge substitution.
II. EXPERIMENT
CoSi 1−x Ge x alloys were prepared by arc melting the high-purity elements in a water-cooled copper crucible under argon atmosphere. These alloys were melted several times to improve the homogeneity. Structural analysis of the powder specimen by x-ray diffraction data confirmed the required cubic B20 structure with no traceable impurity phases, as shown in Fig. 1͑a͒ . The partial substitution level of Ge for Si in the present study is well below the solubility range of Ge in the CoSi alloy. 7 The lattice parameter variations as a function of Ge concentration are displayed in Fig. 1͑b͒ . It is clearly seen that the lattice parameter increases with x, indicating that the Si sites are successfully replaced by Ge atoms, according to Vegard's law.
Electrical resistivity measurements were carried out by a standard four-point probe method from 7 to 300 K. Thermal conductivity and Seebeck coefficient measurements were performed simultaneously in a closed-cycle helium refrigerator by the heat pulse technique. Samples were cut into a rectangular parallelepiped shape of typical size of 1.5ϫ 1.5 ϫ 5.0 mm 3 . Very thin differential thermocouple junctions were fixed at the two ends of the sample using thermal epoxy. To measure the Seebeck emf, thin copper leads were placed on the sample very near to the thermocouple junctions a͒ Author to whom correspondence should be addressed; electronic mail: ykkuo@mail.ndhu.edu.tw using silver paste. One end of the sample was mounted on a copper block and a small chip resistor was fixed at the other end of the sample, which serves as a heater. The temperature difference was controlled to be less than 1 K to minimize the heat loss through radiation, and the sample space is maintained in a good vacuum ͑10 −4 Torr͒ during measurements. All data were recorded at a slow warmup rate of about 20 K / h. The details of the measurement techniques can be found elsewhere. 8, 9 
III. RESULTS AND DISCUSSIONS

A. Resistivity
The temperature-dependent electrical resistivity ͑T͒ of the CoSi 1−x Ge x alloys ͑x = 0.00-0.15͒ is given in Fig. 2 . For all the studied alloys, the electrical transport shows a metallic behavior, as is evident from their positive temperature coefficients. The room-temperature electrical resistivity of CoSi alloy is about 20 ⍀ m, close to the previously reported semimetallic characteristics of this compound. 5 The semimetallic nature has been associated with the low density of states ͑DOS͒ at the Fermi level E F . 10 Upon a slight Ge substitution ͑2%͒ for Si, the electrical resistivity exhibits a significant decrease by almost an order of magnitude. A similar decrease in resistance has also been observed in Co/ poly-Si 1−x Ge x film. 11 With further Ge substitution, the room-temperature electrical resistivity continuously decreases. On the other hand, the residual resistivity ͑T =7 K͒ starts to increase on further substitution of Ge from x = 0.05, presumably due to the increase of impurity scattering for the highly Ge substituted samples, according to Matthiessen's rule.
All the studied CoSi 1−x Ge x alloys show smooth and similar ͑T͒ characteristics, indicating the absence of any structural or magnetic transitions, such as those observed in the isostructure compound FeSi. 1 FeSi is a well-studied semiconductor with the Fermi level located at the dip of the DOS. 12 From FeSi to CoSi, the conducting property evolves from semiconducting to semimetallic as the position E F shifts from the dip to a higher DOS. 1, 12, 13 The previous studies on the FeSi 1−x Ge x alloys have suggested that the substitution of Ge, which has a slightly larger covalent and atomic radius than that of Si, would be able to narrow the band gap. This gap narrowing may lead to an increase in the DOS at E F for these Ge-substituted alloys, hence a reduction in electrical resistivity. 14, 15 One may expect a similar substitution effect in the present case of CoSi 1−x Ge x alloys, because both FeSi and CoSi have the same crystal structure and nearly identical electronic structure except for the position of E F in DOS. 10, 12 We have noticed that such a gap narrowing behavior has also been predicted in the half Heusler compounds MNiAs/ Sb/ Bi, where M is Y, La, Lu, and Yb. 16 
B. Seebeck coefficient
The temperature-dependent Seebeck coefficient S͑T͒ for CoSi 1−x Ge x alloys is displayed in Fig. 3 . The Seebeck coefficients of the investigated alloys were found to be negative in the entire temperature range under investigation, suggesting that the electron-type carriers dominate the thermoelectric transport. Such a finding is consistent with the recently reported Seebeck and Hall coefficient measurements. 5 The absolute room-temperature S values vary from 50 to 80 V / K, showing a rather weak variation as a function of Ge concentration, as compared to the electrical transport. Another feature in S is the appearance of distinct peak around 40 K, presumably due to the phonon-drag effect. It is known that the disorder scattering could suppress the phonon-drag peaks. In disordered metals such phonon-drag suppression often leaves a knee in the Seebeck coefficient, which is consistent with the electron-phonon enhancement.
In view of the fact that the Ge-substituted samples exhibit less pronounced phonon-drag peaks in the measured Seebeck coefficients, the partial substitution of Ge for Si introduces impurity/disorder scattering to the thermoelectric transport for these alloys. In general, both electrons and holes contribute to the thermoelectric transport in electrically conducting materials. In the present case of CoSi 1−x Ge alloys, electrons possess higher mobility or larger number than the holes and hence the electrons override the effect of holes, which makes S negative. A previous study of Fe x Co 1−x Si has pointed out that the hole mobility increases linearly as a function of x.
2 However, the measured S does not vary systematically with x in these CoSi 1−x Ge x alloys, indicating that the observed composition dependence in S is not likely due to the changes in the mobility or carrier concentrations, since Ge is isoelectronic to Si. For ordinary metals, Seebeck coefficient is often discussed using the well-known Mott formula ͑electronic contribution͒
assuming a one-band model with an energy-independent relaxation time, where e is the elementary charge, and N͑E͒ is the electronic DOS. Equation ͑1͒ implies that any change in the Seebeck coefficient is a direct consequence of the modifications in the DOS near the Fermi level. Since the Seebeck coefficient is proportional to the slope of DOS around E F , a slight shift in the position of E F could cause a considerable change in S. From the above argument, variation in the DOS at the Fermi level associated with the pseudogap narrowing is responsible for the observed composition dependence in S for these alloys. However, the measured S does not vary systematically with composition as observed in . This is due to that the magnitude ͑as well as sign͒ of S not only depends on the electronic DOS N͑E͒, but also depends on the relative position to the Fermi level DOS upon gap narrowing.
C. Thermal conductivity
The observed temperature-dependent thermal conductivity ͑T͒ for the CoSi 1−x Ge x alloys is illustrated in Fig. 4 . For all samples we investigated, the room-temperature values were found to be around 15 W / m K, relatively little affected with respect to the changes in the concentration of Ge/ Si. At low temperatures, increases with temperature and a broad peak appears around 50 K. This is a typical feature due to the reduction of thermal scattering in metals at low temperatures. A clear trend found in is that the height of the lowtemperature peak gradually reduces with increasing substitution level. This observation indicates a strong enhancement in the phonon scattering due to Ge substitution for Si. We have found a similar behavior in our earlier report on the low-temperature thermal conductivity of Al-substituted CoSi 1−x Al x alloys. 6 The total thermal conductivity for ordinary metals or semimetals is generally expressed as a sum of electronic and lattice terms. The electronic contribution of heat transport e can be estimated by the Wiedemann-Franz law: e = L 0 T / . Here is the dc electric resistivity and the Lorentz number L 0 = 2.45ϫ 10 −8 W ⍀ K −2 . As illustrated in Fig. 4 , the solid and dashed lines represent the calculated e for CoSi and CoSi 0.85 Ge 0.15 , respectively. From this estimation, we have clearly demonstrated that the total thermal conductivity is mainly associated with the lattice phonons rather than the charge carriers. However, a substantial electronic thermal conductivity e ͑ϳ30% ͒ contribution in the total thermal conductivity has been found in CoSi 0.85 Ge 0.15 . It is worth mentioning that the Umklapp process is a dominant mechanism above room temperature. The partial replacement of Ge enhances the phonon scattering and hence L decreases. However, the decrease in L has a little effect on the total thermal conductivity due to the increase in e , which is owing to the increase in electrical conductivity. Thus, the roomtemperature values are only weakly affected with respect to the composition changes in this series of alloys.
In order to explore the influence of Ge substitution on the phonon scattering processes and the origin of the significant reduction of L in these alloys, we have modeled the T-dependent L using the Debye approximation. In this model L is written as
where x = ប / k B T is dimensionless, is the phonon frequency, ប is the reduced Planck constant, k B is the Boltzmann constant, ⌰ D is the Debye temperature, v is the average phonon velocity, and P −1 is the phonon scattering relaxation rate. Here P −1 is the combination of three scattering mechanisms and can be expressed as
where the grain size L and the coefficients A and B are the fitting parameters. The terms in Eq. ͑3͒ are the scattering rates for the grain-boundary, point-defect, and phononphonon Umklapp scattering, respectively. In general, the grain-boundary scattering is a dominant source for the lowtemperature L , while the Umklapp process is important at high temperatures. The point-defect scattering, on the other hand, has a strong influence on the appearance of the shape and position of the phonon peak occurring in the intermediate temperature regime. Taking v = 5400 m / s and ⌰ D = 410 K given from the specific heat measurement for CoSi, 17 L can be fitted very well for T Ͻ 120 K, demonstrated as solid lines in Fig. 5 . We have attempted to include electron-phonon interaction in the calculations, but such an effort yielded no significant improvement to the overall fit. We thus conclude that the electron-phonon scattering has a minor influence on the lattice thermal conductivity in CoSi 1−x Ge x . It is also noticed that the fitting curves deviate from the data points at high temperatures. The discrepancy may arise from radiation losses during the measurements, temperature dependence of the Lorentz number, and the undetermined Debye temperatures for the substituted compounds.
All fitting parameters have been tabulated in Table I . As one can see, the grain size L increases from 1.95 ͑m͒ for CoSi to approximately 6 ͑m͒ for CoSi 0.98 Ge 0.02 , and a further increase in Ge substitution results in insignificant variations or saturation in L. Such a result suggests that not only gap narrowing but reduction of grain boundary scattering may play an important role on the observed decrease in electrical resistivity for these Ge-substituted alloys. The Umklapp coefficient B scatters around in these samples, presumably due to the unknown Debye temperature for these materials. It should be noted that even though the Debye temperature is a significant factor for the Umklapp scattering rate, it only affects the fitting result at high temperatures. On the other hand, the prefactor A roughly increases with the Ge substitution level. According to the model proposed by Klemens, the prefactor A increases with the concentration of point defects in the low defect level. 18 According to this fit, the parameter A follows a rather systematic variation with x, suggesting that the effect of Ge substitution for Si in the CoSi 1−x Ge x system is strongly related to the appearance of the point defect.
D. Figure of merit
From the electrical and thermal transport properties presented above, one can estimate the thermoelectric performance of these CoSi 1−x Ge x alloys. Figure 6 shows the figure of merit ZT as a function of temperature for various compositions. A general trend is obtained that the magnitude of ZT rapidly increases with x, mainly due to the fact that both and L decrease significantly with Ge substitution. The most complex part in the optimization of the ZT value for thermoelectric materials is that the three parameters involved, S, , and , depend on each other. A large S value is usually associated with a high electrical resistivity. On the other hand, a low electrical resistivity frequently accompanies an increase of the electronic thermal conductivity. The substitution of heavier atomic elements is capable of reducing atomic vibration frequencies, and hence the lattice thermal conductivity can be minimized. In the present CoSi 1−x Ge x system, the increase in e is compensated by the decrease in L . Therefore, the electrical conductivity and Seebeck coefficient of CoSi can be modified by varying the composition without the partial expense of increasing the thermal conductivity. The thermoelectric performance is optimized at x = 0.1 with a ZT value of about 0.11 at 350 K, a 20-fold enhancement as compared to the parent compound CoSi. Since the ZT value shows no sign of saturation with temperature, higher ZT values are thus expected at elevated temperatures in the CoSi 0.9 Ge 0.1 alloy.
IV. CONCLUSIONS
We have investigated the thermoelectric properties of CoSi 1−x Ge x alloys with x = 0 -0.15 by electrical resistivity, the Seebeck coefficient, and thermal conductivity. Electrical resistivity was found to decrease significantly with increasing x value. The Seebeck coefficient, with a weak compositional dependence, was found to be negative in the entire temperature range under investigation, suggesting that the electrontype carriers dominate the thermoelectric transport in these alloys. The variations in both S and with the changes in composition can be understood by the modification of the DOS near E F as a consequence of pseudogap narrowing. In addition, the increase in grain size could also contribute to the significant decrease in electrical resistivity with respect to Ge substitution in CoSi, due to the reduction of grain boundary scattering. The electronic part of total thermal conductivity increases with Ge concentration as a result of the increase in conduction carriers. On the other hand, the lattice thermal conductivity decreases owing to the enhancement of phonon scattering from slightly heavier and randomly substituted Ge atoms. The thermoelectric performance of this series of compounds is optimized at x = 0.1 with a ZT value of about 0.11 at 350 K, representing a 20-fold increase in comparison to the parent compound CoSi.
